INTRODUCTION
============

Isolation of adult stem cells from the human periodontal ligament (PDL) has presented new opportunities for tissue engineering \[[@B1],[@B2]\]. Following periodontal treatment, periodontal regeneration entails the reformation of all components of the periodontium: the gingival connective tissue, periodontal ligament, cementum, and alveolar bone. Some studies have confirmed that undifferentiated mesenchymal cells in the PDL are essential for osteogenesis and cementogenesis in periodontal tissues and can differentiate into osteoblasts or cementoblasts \[[@B3],[@B4]\].

Various factors affect differentiation of PDL cells into osteoblastic cells, including β-glycerophosphate (β-GP), ascorbic acid (AA), and dexamethasone (Dex). β-GP is known to act as a source of phosphate ion for mineralization, reducing the activity of ALP and protein formation \[[@B5]\] and increasing the formation of matrix vesicles \[[@B6]\]. AA is known to enhance the accumulation of collagen-stimulating osteoblastic phenotypes \[[@B7]\]. Cells from the PDL are heterogeneous, containing several cell types, including fibroblasts and mineralized tissue-forming cells, which require the presence of Dex, a member of the glucocorticoid class of hormones, for osteoblastic differentiation \[[@B8]-[@B11]\]. Dex potentiates the effects of other osteogenic cells, including rat calvarial cells \[[@B12]\], on osteoblastic differentiation, and has been used to enhance osteogenic, chondrogenic, and adipogenic differentiation of mesenchymal stromal cells \[[@B13]\]. An increase in apoptosis of osteocytes, hypertrophic chondrocytes, and bone marrow cells was also observed in mice receiving high doses of glucocorticoids \[[@B14]\].

Once differentiated osteoblasts have completed their bone-forming function, they are entrapped in the matrix and become either osteocytes or bone lining cells. However, analysis of available data from histomorphometric examinations of human bone has revealed that 50-70% of osteoblasts at the remodeling site cannot be accounted for \[[@B15]\]. The \"missing\" osteoblasts appear to have died, possibly by apoptosis, and if apoptosis does occur in osteoblasts or their progenitors, osteoblastogenesis might be diminished \[[@B16]\]. On the other hand, one study reported that apoptotic bodies derived from vascular smooth muscle cells act as nucleating structures for calcium crystal formation \[[@B17]\]. Another study demonstrated that the expression patterns of apoptosis and antiapoptosis-related genes were regulated in a temporal manner by Dex during mineralization of hPDL cells \[[@B18]\] and apoptosis-related factors were associated with the osteoblastic differentiation of hPDL cells \[[@B19]\]. Taken together, an association of differentiation of hPDL cells into osteoblastic cells with apoptosis may be considered. However, the precise mechanism of mineralization and apoptosis of hPDL cells according to the concentration of Dex has not been established and remains to be examined.

The purpose of the current study was to examine the effect of Dex on the apoptosis and osteogenic differentiation of hPDL cells by evaluating cellular viability, alkaline phosphatase (ALP) activity, mineralization, and related genes of hPDL cells induced by various concentrations of Dex.

MATERIALS AND METHODS
=====================

Isolation and culture of hPDL cells
-----------------------------------

PDL tissues were obtained from the mid-third of premolars extracted for orthodontic reasons. Patients provided written consent for harvesting the PDL before extraction, and the primary culture of PDL cells was prepared using an explant technique, described previously \[[@B19]\]. Briefly, the PDL tissues were cut into small pieces and incubated in a biopsy medium at 37℃, 5% CO~2~, and 95% humidity. The cells were cultured to confluence in 100-mm culture dishes with Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% fetal bovine serum (FBS), 100 U/µL penicillin, and 100 µg/µL streptomycin. After reaching confluence, the cells were passaged with 0.25% trypsin/0.1% ethylenediaminetetraacetic acid. Cells between the third and fifth passage were used in the current experiments. To determine the effects of Dex, the cells were divided into five groups according to the concentration of Dex (0, 1, 10, 100, and 1,000 nM), based on previous reports \[[@B20]-[@B23]\]. The medium was changed every three days throughout the entire experiment.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay for cellular viability
-----------------------------------------------------------------------------------------------

MTT assay was performed for the evaluation of cellular viability. Four samples per Dex group were evaluated, and the hPDL cells were seeded at a density of 30 cells/mm^2^; 50 µg/µL AA, 10 mM β-GP, and Dex (0, 1, 10, 100, and 1,000 nM) were added to the medium at a time designated as day 0.

On days 1, 4, and 7, 50 µL of prewarmed (37℃) MTT solution was added to each well and cultured for 3 hours. The reaction was then stopped by the addition of 200 µL of dimethyl sulfoxide (DMSO) and 50 µL of glycine buffer to each well. The solution was then transferred to new wells, and the optical density of the solution in each well was measured at a wavelength of 570 nm using an enzyme-linked immunosorbent assay plate reader (Molecular Devices, Menlo Park, CA, USA).

Measurement of ALP activity
---------------------------

hPDL cells were seeded at a density of 105 cells/mm^2^ in DMEM containing 10% FBS. When the cells had grown to confluence, it was designated day 0 (after culture for 3 days) and 50 µg/µL AA and 10 mM β-GP were added with Dex (0, 1, 10, 100, and 1,000 nM) to the medium.

On days 5 and 10, briefly, after washing twice with PBS, the cells were homogenized by sonication in 1 µL of 0.9% NaCl and 0.02% Triton X-100 at 4℃ and then centrifuged for 15 minutes at 12,000 rpm. The ALP activity in the supernatant was determined by measuring the amount of p-nitrophenol produced using p-nitrophenol phosphate substrate. Subsequently, the supernatant mixed with 0.5 M Tris-HCl buffer (pH 9.0) containing 0.5 mM p-nitrophenol phosphate and 0.5 mM MgCl~2~ was incubated at 37℃ for 30 minutes. The reaction was stopped by the addition of 250 µL of 1 N NaOH. Using a DU530 UV spectrometer (Beckman, New Brunswick, NJ, USA), hydrolysis of p-nitrophenyl phosphate was measured at a wavelength of 410 nm. The enzyme activity was normalized to the protein concentration of cells in each well. The ALP activity of the hPDL cells was determined by counting 3 wells per group on days 5 and 10.

Mineralized nodule formation
----------------------------

The hPDL cells were seeded at a density of 105 cells/mm^2^. When cells had grown to confluence, it was designated day 0 (after culture for 3 days) and 10% FBS, 50 µg/µL AA, and 10 mM β-GP were added with Dex (0, 1, 10, 100, and 1,000 nM) to DMEM. On days 7, 14, 21, and 28, the cells were fixed in 2% paraformaldehyde neutral buffer solution; the plates were then stained with Alizarin Red S for observation of mineralization nodules. The samples were observed using a light microscope.

Real-time PCR
-------------

The hPDL cells were seeded at a density of 105 cells/mm^2^. When the cells had grown to confluence, it was designated day 0 (after culture for 3 days) and 10% FBS, 50 µg/µL AA, and 10 mM β-GP were added with Dex (0, 1, 10, 100, and 1,000 nM) to the medium.

On day 7, the total RNAs were reverse-transcribed to produce cDNA using the ImProm-II reverse transcription system (Promega Inc., Madison, WI, USA) according to the manufacturer\'s protocol. SYBR Green I-based real-time polymerase chain reaction (PCR) was performed on the MJ Research DNA Engine Opticon Monitor II continuous fluorescence detection system (MJ Research Inc., Waltham, MA, USA). All of the PCR mixtures contained the following: PCR buffer (final concentration 10 mM Tris-Hcl \[pH 9.0\], 50 mM KCL, 2 mM MgCl~2~, and 0.1% Triton X-100), 250 mM deoxy-NTP (Roche, Mannheim, Germany), 0.5 mM of each PCR primer, 0.5X SYBR Green I (Molecular Probes, Eugene, OR, USA), 5% DMSO, and 1 U taq DNA polymerase (Promega Inc.) with 2 mL cDNA in a 25 mL final volume reaction mix. The samples were loaded into wells of low profile 96-well microplates. After an initial denaturation step for 1 minute at 94℃, the conditions for cycling were 35 cycles of 30 seconds at 94℃, 30 seconds at 53℃, and 1 minute at 72℃. The fluorescence signal was measured immediately after incubation for 5 seconds at 78℃, followed by the extension step, which eliminates the possible primer dimer. At the end of the PCR cycles, a melting curve was generated for identification of specificity of the PCR product. For each run, serial dilutions of human GAPDH plasmids were used as standards for quantitative measurement of the amount of amplified DNA. In addition, for normalization of each sample, mGAPDH primers were used to measure the amount of mGAPDH cDNA. All of the samples were run three times, the mean data for each group were measured, and the ratio of osteogenesis-related genes (*ALP*, *Cbfa-1*, *OCN*, and *OSX*) to GAPDH, and apoptosis-related genes (*Bcl-2*, *BAX*) to GAPDH were obtained. The sequences of primers used for the real-time PCR analysis are shown in [Table 1](#T1){ref-type="table"}.

Statistical analysis
--------------------

The results pertaining to the cellular viability, ALP activity, and real-time PCR were calculated as the mean±standard deviation. One-way analysis of variance was performed for determination of the differences within and between groups using Tukey test as a post hoc test among the tested groups. SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA) was used for analysis and a *P*-value of 0.05 or less was considered statistically significant.

RESULTS
=======

MTT assay for cellular viability
--------------------------------

A MTT assay was performed for measurement of cell viability. The cellular viability showed a gradual increase in a time-dependent manner and decreased with an increasing concentration of Dex ([Fig. 1](#F1){ref-type="fig"}). On day 1, the 1 nM group showed the highest cellular viability among the groups and the difference between the control and over-1-nM concentration groups was statistically significant (*P*\<0.05). On days 4 and 7, the cellular viability decreased in a manner inversely proportional to the Dex concentration. On day 4, the control group showed the highest cellular viability and the difference in cellular viability between the control group and Dex-added groups was statistically significant, except for that of the 1 nM group (*P*\<0.05). On day 7, the 1,000 nM group showed the lowest cellular viability, while the control group showed the highest outcome among the five groups. In an intergroup comparison, statistically significant differences were found, except between the 10 nM and 100 nM groups (*P*\<0.05).

ALP activity
------------

The ALP activity increased from days 5 to 10 in all of the groups, and the amount of the increase tended to rise in a concentration-dependent manner ([Fig. 2](#F2){ref-type="fig"}). On day 5, the ALP activity increased in a Dex concentration-dependent manner, except in the 100 nM group. On day 10, a marked increase of ALP activity by administration of Dex was observed, compared with day 5. This increase was in proportion to the concentration of Dex up to 100 nM, and the ALP activity showed a slight decrease in the 1,000 nM group (*P*\<0.05). A statistically significant difference was observed among each of the groups in all of the comparisons (*P*\<0.05).

Mineralized nodule formation
----------------------------

The culture dishes were fixed with 2% paraformaldehyde solution, and then stained with Alizarin red S on days 7, 14, 21, and 28 ([Fig. 3](#F3){ref-type="fig"}). For 7 and 14 days, hPDL cells cultured in all of the groups exhibited a fibroblast-like spindle shape and exhibited few mineralized nodules ([Fig. 3A and B](#F3){ref-type="fig"}). After osteogenic induction of 21 days, a prominent increase in the mineralization was observed in the 10, 100, and 1,000 nM groups. The magnitude of mineralization was high in the 100 and 1,000 nM groups, while no mineralized nodules were observed in the control group or the 1 nM group ([Fig. 3C](#F3){ref-type="fig"}). After an osteogenic induction period of 28 days, the aspect of mineralization was similar to that of 21 days; however, the amount of mineralization was higher compared to that at 21 days ([Fig. 3D](#F3){ref-type="fig"}).

Real-time PCR
-------------

During observation of osteoblastic markers, a dose-dependent increase in the osteogenesis-related genes was found ([Fig. 4](#F4){ref-type="fig"}). The Cbfa-1 expression level of the 100 and 1,000 nM groups was statistically higher compared to the control group (*P*\<0.05). The 100 nM group showed the highest value, and the level of expression was rather decreased in the 1,000 nM group ([Fig. 4A](#F4){ref-type="fig"}). The OSX mRNA level showed a rather steady trend according to the Dex concentration; however, compared to the control group, a higher expression level was detected in the 100 and 1,000 nM groups, which was not statistically significant ([Fig. 4B](#F4){ref-type="fig"}). The ALP gene expression level of the 1 nM group was lower than that of the control group, and the highest value among the tested groups was detected in the 100 nM group, which was similar to the result for the ALP activity ([Fig. 4C](#F4){ref-type="fig"}). The OCN mRNA level showed an increasing tendency according to the concentration of Dex, and the highest value was detected in the 1,000 nM group (*P*\<0.05) ([Fig. 4D](#F4){ref-type="fig"}).

Regarding apoptosis-related genes, BAX showed an increasing tendency with the addition of Dex. A significantly higher level of expression was observed in the 100 and 1,000 nM groups, compared to the control group (*P*\<0.05) ([Fig. 5A](#F5){ref-type="fig"}). On the other hand, Bcl-2, which is known to be an antiapoptotic marker, was observed to be inversely proportional to the Dex concentration. The highest expression was observed in the control group and the lowest expression was observed in the 1,000 nM group ([Fig. 5B](#F5){ref-type="fig"}).

DISCUSSION
==========

To understand the regeneration of the destroyed periodontal attachment apparatus, knowledge of the factors that regulate proliferation and differentiation of PDL cells is critical. One of the regulators is glucocorticoid, and Dex is a member of the glucocorticoid class of hormones, which is required for osteoblastic differentiation \[[@B8]\].

Glucocorticoid exerts complex effects on the skeleton, which are dependent on the concentration and duration of exposure \[[@B24],[@B25]\]. Regarding the dose-dependent effect of Dex, a maximal stimulatory effect on bone cell populations derived from fetal rat calvariae or adult rat vertebrae at a Dex of 10 nM has been reported, and the effects decreased at higher concentrations of Dex (100 to 1,000 nM) \[[@B24]\]. The maximally effective concentrations of glucocorticoids for stimulation of osteoblastic proliferation and differentiation are within the range of physiological circulating levels of glucocorticoids (100 to 1,000 nM of corticosterone in rats) \[[@B20]-[@B23]\]. Using Dex, which is known to stimulate osteogenesis and apoptosis, this study focused on the dose-dependent effect of Dex on hPDL cells (0 to 1,000 nM of Dex).

The number of viable cells was evaluated using the MTT assay, which measures cellular viability through the determination of mitochondrial dehydrogenase activity and is considered a sensitive assay for assessment of osteoblastic proliferation. This study found that with the passage of time from day 1 to day 7, cellular viability increased in all of the groups ([Fig. 1](#F1){ref-type="fig"}). With supplementation of Dex, viable hPDL cells decreased in a manner inversely proportional to the Dex concentration. Both the inhibition and stimulation of bone cell proliferation have been reported when glucocorticoids were added to cultures of isolated bone and bone cells \[[@B25]-[@B27]\]. The results of this study are in accordance with those of a report showing that Dex inhibited the proliferation of osteoblasts and induced a reduction in the number of osteoblasts and osteocytes through enhanced apoptosis \[[@B25]\], but in contrast to a chick periosteal culture, which showed that Dex at 100 nM induced a significant increase in proliferation of osteogenic cells \[[@B26]\]. These divergent results may reflect differences in the level of cellular differentiation in various model systems \[[@B28]\].

Osteoblastic differentiation was assessed by ALP activity, an early marker of osteoblastic cell differentiation and a membrane-associated enzyme \[[@B29]\]. Previous studies have reported the maximal expression of ALP on day 7, prior to the initiation of nodule mineralization \[[@B30]\]. Therefore, days 5 and 10, around the day of maximal ALP expression were selected for the analysis of ALP activity. According to the results on ALP activity, Dex was shown to induce differentiation of hPDL cells to osteoblasts in a concentration-dependent manner ([Fig. 2](#F2){ref-type="fig"}); however, the maximal effect of the concentration was not beyond 100 nM. That is, ALP activity was slightly inhibited in the 1,000 nM group, compared with the 100 nM group on day 10. The reduced ALP activity in the 1,000 nM group is in accordance with the results of a study showing that exposure to high dosages exerted negative effects on osteoblasts, including increased apoptosis, decreased osteoblast proliferation, and a later decrease in bone formation \[[@B31],[@B32]\]. A study of human bone marrow stromal cells reported detection of maximal ALP activity at 10 nM \[[@B31]\]. In addition, when hPDL cells were treated with increasing concentrations of Dex, ranging from 10 nM to 500 nM, Dex induced a dose-dependent increase in ALP activity, which appeared to plateau at approximately 500 nM of Dex \[[@B32]\].

As cells form multilayered clusters, the rate of proliferation is known to decrease and nodule cells begin to mineralize the extracellular matrix \[[@B33]\]. In this study, regarding previous reports examining mineralization \[[@B34]\], the magnitude of mineralization was confirmed by staining on days 7, 14, 21, and 28. On days 7 and 14, the spindle-shaped morphology of hPDL fibroblasts was observed in all groups, and no notable mineralized nodules were detected ([Fig. 3A and B](#F3){ref-type="fig"}). No difference was observed among groups. On days 21 and 28, the Dex-treated groups showed increased mineralization, compared with the control group ([Fig. 3C and D](#F3){ref-type="fig"}). Notably, the 100 and 1,000 nM Dex groups showed the most significant nodule formation. Fewer nodules were observed in the 10 nM groups and no nodules were detected in the control and 1 nM group. Although cellular viability was endangered by Dex, as mentioned above, Dex was essential for mineralization of hPDL cells.

Previous studies have also reported maximal mRNA expression of osteogenic differentiation genes, including *ALP*, *BMP-2*, and *BMP-4* on day 7, which is the multilayer formation stage prior to initiation of mineralization \[[@B30]\]. Therefore, RNAs of hPDL cells were extracted on day 7 for real-time PCR. For analysis of gene expression during the osteogenic process, this study examined Cbfa-1, OSX, ALP, and OCN by real-time PCR. Cbfa-1 is a key transcription factor associated with osteoblast differentiation and skeletal morphogenesis and acts as a scaffold for nucleic acids and regulatory factors involved in skeletal gene expression. OSX, a recently identified zinc finger-containing transcription factor, is expressed in osteoblasts of all endochondral and membranous bones \[[@B35]\]. ALP is one of the earliest markers of osteoblastic cells, and mineralization is initiated by expression of the membrane-bound glycoprotein, ALP \[[@B36]\]. OCN is only expressed by fully differentiated osteoblasts and regulates their function \[[@B37]\]. Expression of Cbfa-1, OSX, ALP, and OCN showed an increasing tendency with the concentration of Dex ([Fig. 4](#F4){ref-type="fig"}). These results appear to indicate that an increase in ALP activity and mineralization may contribute to osteogenesis-related genes, such as *Cbfa-1*, *OSX*, *ALP*, and *OCN*.

During the apoptotic process, mitochondrial outer membrane permeabilization is regulated by various proteins, such as those encoded by the mammalian Bcl-2 family of antiapoptotic genes \[[@B38]\]. Bcl-2 proteins are able to promote or inhibit apoptosis by direct action. BAX, a member of the Bcl-2 family, forms the pore, while Bcl-2 inhibits its formation. BAX promotes apoptosis by competing with Bcl-2 proper. Therefore, BAX and Bcl-2 were selected as apoptosis and antiapoptosis markers for real-time PCR.

Up-regulation of BAX and down-regulation of Bcl-2 was observed in a Dex concentration-dependent manner ([Fig. 5A and B](#F5){ref-type="fig"}). The decrease in hPDL cellular viability caused by glucocorticoid may be explained in part by the increased prevalence of cell apoptosis, as demonstrated by BAX expression and decreased expression of antiapoptotic gene Bcl-2. Elevated expression of Bcl-2 at lower concentrations of Dex may inhibit differentiation of hPDL cells into mature osteoblasts. In addition, a dose-dependent increase of BAX, which is known to promote apoptosis, appears to indicate that cell apoptosis induced by Dex might play a role in the process of tissue mineralization, which is in accordance with the results of a study reporting that an apoptotic body may act as a nucleating body \[[@B17]\]. These data suggest that Dex likely promotes specific markers of the osteoblastic phenotype in primary PDL cells, at least in part, through suppression of antiapoptotic gene expression and an increase in apoptotic related genes, which presumably promote differentiation to the osteoblastic phenotype and elevation of bone-specific marker expression.

It has been reported that at the stage of mineralization of hPDL cells, apoptosis-inducing agents were up-regulated, and antiapoptosis activators were down-regulated \[[@B18]\]. It has also been reported that apoptosis is an important event in human dental pulp cells and that genes implicated in apoptosis are highly connected to the differentiation of dental pulp cells into odontoblasts \[[@B39]\]. These findings are in accordance with the findings of the present study. Apoptosis might play both passive and active roles in differentiation and mineralization of PDL cells. As for its active role, one paper reported that necrotic and apoptotic cell deaths were induced in an osteogenic culture of hMSCs and indicated that both necrotic and apoptotic cells of an osteoblast lineage served as nuclei for calcification on osteoblastic differentiation of hMSCs *in vitro* \[[@B40]\]. In this study, we were able to find a passive role for apoptosis, which was followed by differentiation, but we could not confirm the active role of apoptosis in the mineralization of hPDL cells and further study is needed. In summary, Dex was found to have variable effects on hPDL cells according to the Dex concentration. With the elevation of the Dex concentration, the hPDL cells were prone to osteogenic differentiation with increased apoptosis. Although cellular viability decreased with the Dex concentration, an increase in hPDL cell differentiation and mineralization up to 100 nM was noted. Therefore, hPDL cell differentiation followed by increased apoptosis, rather than their cellular viability at an early stage, is likely to be a key factor in glucocorticoid mineralization. In addition, apoptosis might play an important role in Dex-induced tissue regeneration; however, further study is needed for investigation of the precise mechanism.
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Primer sequences used in reverse transcriptase polymerase chain reaction.
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F: forward, R: reverse.
